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- Abstract

. .A passive vibration reduction device in which the con-

14

. hub loads in forward #ight.

ventional main rotor blade pitch link is replaced by a
spring/damper element in investigated using a. com-
prehensive rotoreraft analysis code. A case study is
conducted for & modern articulated helicopter main
rotor. Correlation of vibratory pitch link loads with
wind tunnel test data is satisfactory for lower har-
monics. Inclugion of unsteady acrodynamics had
little effect on the cotrelation. In the absence of
pushrod damping, reduction in pushrod stiffness from
the basaline value had an adverss effect on vibratory
However, pushrod damp-
ipg in combination with reduced pushrod stiffness re-
sulted in modest improvements in fixed and rotating
system hub loads.

Introduction and Background

Since the eatly daye of rotorcraft development, vi-
bration reduction has beex a central topic of reseatch.
This will consinue to be the case until vibration levels
comparable to thoss ia fixed wing aircraft can cousis-
tenitly be schieved without excessive weight penaity,
Research in rotoreraft vibration reduction techniques
is motivated primarily by the need to maximise struc~
tural component life, reduce czew fatigue and provide
a more comfortable environment for passengers. Alro,
public acceptance of helicopters as a means of trans-
portation depends to a large degree on passenger com-
fort. Vibration reduction may be thus be viewed as
significant to the economic success of the rotoreraft
industry.

Recect :~ssarch in vibration reduction has focused
on two main approaches:
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1. Structural optimisation, i.e. structural de-ig:;~ -
or modification to achieve favorable fuselage andx ol

blade dynamic characteristics.

_ . " Dynamically Tuned Blade Pitch Links 7#— 25"

for Vibration Reduction o

v

9. Active vibration contral (higher harmonic

and/or individual blade control using either hy~

draulic actuators or smars structures technology,
actively controlled fixed system actuators).

The first approach has perhaps the greatest: po-
tential for achieving low vibration levels with mini-
mum weight penalty. Nevertheless, at present it does:
not appear that this approach can be relied upon tor
achieve desired vibration levels in every case. First,
it must be recognised that vibration prediction is 2
complex multidisciplinary problem; existing vibration
prediction analyses are not reliable enough to guar-
antee success of structural optimization. Second, the
approach is limited to the design phuse of a new air-
craft. Int the case of existing aircraft. structural opti~
mization is unattractive since it will ty pically involve
complete redesign of major structural components.
Finally, the aircraft is subjected tc a wide variety of
loadings and operating conditions agd it is difficult to
arrive at an optimum design which satisfies all condi~
tions.

Active conurol is also promising but has drawbacks
in the form of weight penalty and additicnal power
requirements. Also, the maintainability and relisbil-
ity aspscts of active vibration coatrol systcms may
make them less attractive in many applications.

A third category of vibration reduction technology
is made up of discrete passive devices, such .3z pez-
dular absorbers in the rotating system, antiresonanis
isolators for geacbox isolation, spring-mass absorbers
in the fuselage, ete. Although thess devices also bring
a weight penalty, and in some cascs increased main-
tenauce requirements, they are in general simple, rel-
atively inexpensive, and can applied on an as-needed

—
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basis in combination with other vibration reduction
messures. Thus, itrespective of technology sdvances:
in structural design methodology or active control, it
will always be advantageous to have a selection of ef-
fective passive devices available. This paper examines
the vibration reduction potential of one such passive
device, the tuned spring-damper pushrod.

An early study by Millerand Ellis (Ref. 1) exam-
ined the effects of torsional frequency on blade root
shears. A simple rigid blade model was used and the
torsional frequency wasvaried by adjusting a root tor~
sicnal spring. The model thus applies to the case of
a variable stiffiess pushrod. The study showed thas
reductions in root torsional spring stiffness conid lead
to substantial reductions in biade vibrstary shears.

Subsequent investigators (for example, Refs. 2 and
3) examined the influence of blade torsional frequency
ox blade responss. However, thess studies were di~

" *rected mote towards reduction of the control system

vibratory loads assoclated with stall Autter than to
reduction of hub loads and fuselage vibeation.

A spring-damper pusbrod to modify blade torsional
dynamics was first investigated in the eatly 1970’s at
Sikorsky Aircrafs (Ref. 4), again with a goal of reduc-
ing vibratory loads in the control system arising from
stall flutter. The spring and damping valuea wers so-
Jected based on an analytic investigation of a single
flight condition known ta produce high stall-induced

“vibratory loads. The investigation culminated in &

flight test of a set of spring-damper pitch links on a
CH-54B helicopter. The devices were quite effective;
at high speed, vibratory control loads in the rotating
systam were reported reduced by nesasly 50%. The
cockpit vibration levels were unchanged, but it is not
clear whether this was based on pilot comments or on
actual vibration measurements.

Recently, Kottapalli (Ref. 5) suggested that intro-
duetion of large values of torsional damping at a
discrete location neat the blade root could reduce
biade elastic motions and vibratory hub loads. The
study was conducted using a full elastic blade analysis
(CAMRAD). The torgional damper was represented
by applying an equivalent damping to the first tor-
sion mode. The effects of applying the damping at
a discrete location were not investigated. No specific
damping device was. discussed, but it is clear that
tuned spring-damper pushrod such a8 that tested in
Ref. 4 could be adapted to the purpose. This is an
attractive possiblity since it replaces the conventional
pushrod and therefors can. be installed in both new
and existing rotoreraft.

The present study further examines the possibili-
ties for vibration reduction via pushrod tuning. Un-
like the Ref. 4 study, the anaiysis focuses on the in-
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fluence of tuning on vibratory hub shears rather than
stall-induced control loads. The pushrod is- repze-
sented as a discrete element and the effects of pushrod
damping on the blade root boundary candition are
realistically represented.

The investigation is in several parts. First, the rigid
blade pitch-flap analysis of Miller and Ellis (Ref. 1)
is repeated using a trimmed forward flight madel.
Then, & more axtansive investigation with a.compre-
hensive rotor analysis is conducted. Measured and

icted pushrod losd dats are compared ta validate:
the analytic modsl. The effects of’ pushrod stiffness.
and damping on fixed and rotating system hub loads:
are examined. The study concludes with a discussion.
of practical considerations and suggestions for future
work.

Rigid Blade
Pitch-Flap Analysis

Preliminary to the actual investigation, the rigid
blade pitch-flap analysis of Miller and Ellis (Ref. 1)
was repeated. The goal was to gain insight inte the
pushred tuning problem. using a simple model, elimi~
nating complicating factors such as blade slastic mo-
tions, pushrod kinematics and blade twist. Unliks
Ref. 1, the present analysis directly includes the ef-
fects of forward flight.

The physical model (Fig. 1) is a rigid blade, free
to flap and pitch about centrally located coincident.
hinges. The blade is restrained at the root- through
a torsion spring. Collective and cyclic pitch inputs
are applied to the blade through the torsion. spring
s0 as to trim the rotor to a prescribed value of thrust

Figure 1: Rigid blade piich-flap physical model.
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and zero first harmonic flapping. The rotor shaft an-
gle is adjusted to achieve propusive trim based on
an sssumed fusalage equivalent flas plate area. The
flapping {requency may be adjusted with an assumsd
fapping hinge spring. The model assumes a flap-
pitch hinge sequence and zero pitch-flap (&) cou-
pling. The equations of motion are solved with the
finite element in time method, and blade root loads
are computed via a fores summation scheme.

The study was conducted assuming s typical blade
with characteristics ix Table 1. This is essentially
the blade examined in Ref. L. The first. flapping
frequency hes been. set at 1.05/rev, typical of an ar-
ticulated blade with small hinge offset. 0"

Table 1: Blade Model Parameters for Loads Data

inFig. 2

Plapping frequency va 1.0G/rev

Bassilne torsionsl frequency | Ve 5/cev

Loek number - [ ]

Biade chord /R .08 (selidity =
.0169 per blade)

CQ offses scg/R | 0008
mw.anum:au)

AC offsat aa/R .00028
(fwd. of feather axis)

Moment of inessin abeut lefle .00}

{eather axis

Torsional damping ¢ a

Pitch-flap coupling is 0

Proftie (ify curve sleps Ol 8.38

. Profile lift as sero angie of | &g 0

attack

Prefile pitching moment | Cmug 6

cosfiicient

Profils drag cocfficiant %aq 01

Pucelags squivaient flos piate f/xR3 | 00325

ares
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Pigure 2 shows blade root loads and fixed systam
bub loads as a function of torsional frequency for
a coupled trim condition at s = 4. Note in this
study only pushrod stiffness vatiations (i.e. vana-
tions in torsional frequency) are investigated. The
torsiopal damping is set zero. In Figure 2(a), the
3/tev load shows a. conaiderable reduction over the
basslige value (ve = 8) as the rotational torsional fre-
quency approaches 3/rev. A sudden fourfold increase
in the $/rev blade vertical shear is encountered as
the torsional frequency is further lowered to just un-
der 3/rev. There is a very slight reduction in the
9/rev load local to ve = 3. The 4/rev vertical load is-
coupled to 3/rev pitching motion dus to large 1/rev
variation in dynamic pressure and hence also shows &
large peak at this torsional frequency. There is also &
small reduction io 3/rev shear when the torsional fre-
quency nears 4/rev. These basic features obeerved in
the 3/rev shear are also present in the 4/rev vertical
shear near vy = 4 and in the blade root moment re-

'94 12:33
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Figure 2: Rigid blade soot and bub
vs. blade torsional frequency. u = .4;

sults in Fig. 2(b). The peaks in amplitude, however,
are of lesser magnitude.

Strictly speaking, since this is a centrally hinged
blade, the 3/rev vertical sheats would be of interest
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from a vibration point of view only with Ny = 3.
However, with hinge offset, these vertical shears pro-
duce 3/rev rotating system hub moments contribut-
ing. to fixed system moments with My = 4.

Figure 2(c) shows fixed system 4/rev hub moments,
assuming a four biaded rotor. Note the values of ¢/R
and Cr chosen for the single blade yield Cpr = .0064
aad Cr/o = .1 for afour bladed rotor. The slight re-
duetion in fixed system moments near vy =3 (com-
pared with the baseline, vp = 5) is due to the cor-
responding reduction in 3/rev rotating system loads
(figure 2b)). _

[t does not appear possible to identify & single com~
bipation of pitch, flap, and airloads harmonies which
are responsible for the raduction in vibratary load
near vp = 3.05. This is a two degree of freedom sys~
tem; the flapping and tarsion degrees of freedom are
coupled through mass, damping, and stiffness terms

" and both contribute to the vibratory load through io-

ertis terms. Therefore one should not expect & sim-
ple single degree of freedom resonance phenomenon
resulting in a sharp pesk in response or a 90°* phase
shift. Indeed, the local minimumin vibration and as-
sociated side peak is reminiscent of the characteristic
of a spring-masa vibration absotber (see o.g. Ref. ).

Nevertheless, these results do tend to confirm the
conlusion of Ref. 1 that for this rigid blade model,
vibration reduction is indeed possible by proper selec-

tion of the blade torsional frequency. The optimum

14

frequency lies just abave 3/rev. The underlying effect
is not a simple resonance phenomenon; the relative
phasing of the various harmonics of the loads may
play an importaat role. A vibration penally may e

sult from operating slightly off the design point.

Elastic blade analysis

The major part of the investigation was conducted
using UMARC, a comprehensive rotor acroelastic
analysis based on finite elements in time and space
(Ref. 7).

In Ref. 3, the effects of the spring/damper were
represented by an equivaient modal damping of the
blade first torsional mode. This approach in essance
assumes that the damping is distributed uniformly
over the length of the biade. Although this sim-
plifying assumption is appropriate for a preliminary
study such as Ref. 5, in the present aualysis it was
considered essential to model the pitch link as a dis-
crete dynamic element applied at its proper location.
The spring/damper pitch link changes the blade root
boundary conditions and affects the blade root tor-
sional dynamics in a manner that is not propetly cap-

'g4 12:34
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Figure 3: Spring-damper pushrod.

tured if a discributed damping is assumed.

In the pressut analysis the spring-damper pushrod.
(Fig. 3) is modeled by modifying the analysis to re-
Jease the blads roct boundary constraint. Appropri-
ats anergy terms are added to the stiffness and damp-
ing matrices. Thess include diagonal terms on the-
root pitch degree of freedom dusto the pushrod stiff-
ness and damping, and bothk diagonal and coupling
terms on the blade flap degree of freedom arising from
the &3 coupling. The pushrod motions are calculated
from the control inputs and the alastic blade root
pitch and flap deflections. The pushrod loads are ob-
tained from the pushrod mations together with the
known pushrod stiffness and damping values.

Validity of modal approximation
with damped boundary condition

The analysis is configuzed to apply a modal approxi-
mation to the equations of motion. The basis of the
modal reduction is the set of normal modes obtained
with only the stiffness and mass terms in the equa~
tions of motion. This leads to another modeling is-
sue, namely, how well can these undamped normal
modes represent the blade dynamics in the presence
of a damped boundary condition? Physically speak-
ing, one would expect that, given enough damping,
the blade root motion would be restricied ta the point
whare a cantilaver boundary condition. would apply,
with a corresponding increase in torsional frequency.
This is the "bridging” phenomenon mentioned in Ref.
4. However, the modes obtained without the damper
include deflections at the blade toot and de not sat-
isfy this boundary condition.

In Figure 4, a uniform clastic rod is supported at
one end with a spring and damper arranged in par-
allel. Undamped normal modes for this system arc
calculated from the elosed form solution for aspring-
suppotted torsion tod. A sat of the first ¥V of these
modes are then used to synthasise the system includ-
ing the damper. The resulting modal damping matrix

3013149081 PAGE.QBS
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is fully populated. The frequency thus calculated for
the first damped torsion mode is shown in Figure 4
as a function of the root damping coeflicient. In the
figure the damping coefficient has been normalized to

VG5 and the frequencics to iﬁ, the exact so-
lution for the cantilever cass. The figure shows thas
above a cartain value of the root damping cosfficient,
the predicted frequency is above that for the can-
tilever case. As can be expected, this overprediction
becomes less severe as the gumber of modes is in-
creased. However, for all the cases shown, as long
as the calculatod torsional frequency remains below
wd/weet = 1, there is relatively little sensitivity to the
number of normal modes used. In the analysis to fol-
low, the blade is represented by its first scven modes.
Although this includes only one mode which can be
categorised as & “pure” torsion mode, it includes two

_bending modes which involve significant amounts of

torsional motion due to structural twist. It will be
shown that this set of normal modes together with
the pushrod damping values of interest result in only

2 Modes
Cantilever |
om Condition % _ 5
Natural 1 ‘
Frequancy 20
o °/m ot
05 -
0 1 Y lllllll Il 1 ljlllll iodl
0.1 1 10 100

Root Damper Coefficient C,/C

Figure 4: Firsc torsiopal natural frequency of umi-
form rod with spring/damper boundary condition.
KeGJfl= 8,
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moderate increases in torsional frequency, and it is
concluded that the error due to using undamped nor-
mal modes is insignifteant.

Results

Subject aircraft

The remainder of the paper will examine the effects:
of varying pushrod stiffness and. damping of a.typical
helicopter rotor, in this case the & Sikorsky 5-76. A
{full seale $-78 main rotor was-tested in the NASA.
Armes 40 x 80 wind tunnal in the late 1870's (Ref2 8),
providing experimental data for verification of the an-
alytical results. The design characteristics are given -
in Table 2. In Ref. 8, four tip planforms were teated;
the present investigation assumes the rectangular tip:
configuration in order to minimise medeling issues .
related to three-dimensional unsteady effects at the
blade tip. Detailed data for the analytic model are

. available in Refs. 8 and 9.

The blade pushrod stiffness of the baseline aircraft
is based on the control system stiffncss given ix Ref.
9, together with the assumption thas this stiffness
is entirely determined by the pushrod. stiffness with-
no compliance to the swashplate or servos. This as-
sumption is adsquate for the present feasibility study;
nevertheless, it should be borne in mind that in the
actual aircraft the control system stiffness may be af-
fected by the swashplate and servo stiffness.

According to the normalization scheme used in
the present analysis (Ref. 7), the nondimensional
pushrod stiffness is defined as

R S—
T moB RS (%)

Table 2: Main rotor basic design data, Sikorsky S-768
(Refs. 8 and 9)

ﬁ

Numbes of blades h (Y 4

Blade tip Rectangular (wind
tunnsl test only)

Blade torvionsl frequency v 3.5/ev (
with baseling pushrad)

Salidity v 0748 X

Lock numbaee (nominal) - 108 ’

Rator speed 0 30.7 1/a

Tip speed 17,4 678 ft/s

Flap and Lag Hinge Offaet ¢ 3.4%

Blade Pitch-Flap Coupling s 17*

Pitah DBearing Tomeaal kopB 68¢ N-ib/rad

Stiftness

Contrel 8ystom Shfthess ke 34000 fR.ib/rad

Pisch horn arm smpy/R | 0248

AR
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with the reference mass distribution mo defined as

- 3l
™= T =R

This is the mass distribution which, if constant along
the blade span, would yicld the actual flapping mo-
ment of inestia, /5. Based on the mass dats in Ref.
9, mg for this blade amounts to .126 slug/fy, yielding
» non-dimensional value of k, s 31.2 for the baseline
ireral} .

Correlation with. test data

To validate the analysis, the measured pushrod load
time histories from Ref. 8 are compared with the
anslytic results for the same operating conditions.
Figures 5(a) and 5(b) compare the measured and
snslytic results for advance ratics of .2 and .38 re-
In each case, the rotor is trimmed to
sero first harmonic flapping and the specified Cr/o~
The data have been adjusted to zeto steady compo-
neant to facilitate comparison of the vibratory compo-
nents of the waveforms. Two sets of analytic results
ate shown; first one obtained using quasisteady aero-
dynsmic modeling, and second one using unsteady
cireulatory aerodynamic terms. The dynamic stall
model pravided as an option in the analysis was not
activated.

In each case, the overall correlation with the mea-
sured data is fair At both y = .2 and g = .38,
the 1/rev vibratory components appear fairly well
matched. However, at 4 = .2, the test data exhibit
s small signal at near the blade first torsional fre-
quency which is not present in the calculated results.
At p = .38, the predicted and calculated dacs dif-
fer noticeably in phase over the retzeating portion of
the rotor disk. Nevertheless, the main features of the
torsional response are present in the predicted time
histories, namely, the large excursion on the advanc-
ing side at neac 2/rev and the presence of response at
the torsional frequency on the retreating side.

Only small differences are obscrved in the two sets
of analytic results. Hencs, quasisteady aercdynamics
will be used for the remainder of this study. As men-
tioned eatlier, the optionai dynamicstall model is not
used in this investigation. It appcars uniikely, how-
ever, that inclusion of the stall model would improve
the overall correlation. Stall flutter is ot 3 signifi-
cant factor in the experimental data since the large
“gpikes” in pushrod load typically occuring in the aft
retreating quadrant of the rotor disk (ses for example
Refs. 4 and 3) are eatirely absent. Also, significant
deviations between the measured and predicted time
histories ate observed near ¥ = 180°; this is not a te-
gion on the rosor disk where stall would be cxpected

14 *94 12:36
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~—— Analysis; quasisteady
asrodynamics
— — - Analysis; unsteady

aerodynamics

600

u=.20
C.r/ o.=.074

b
o
-

Pushwod Load (Ib)
' a

- 9 =8
'600 C L A ] A 1 | L Il | Il I
b} 80 180 270 - 360
Azimuth (deg.) ’ '

Q 80 180 270 360
Azimuth (deg.)

Figure 5: Measured and predicted pitch link Joads.

to be a significant factor. That the data correapond.
to a fairly moderate values of Cr/c also suggests. that:
the stall model is not essential in this case.

Jepson ¢t. al. (Raf. 10) conducted an extensive cot-
relation study using data from the tests documented
in Ref. 8. One conclusion of this study was that
the fuselage flow fleld can have a significant effect
on blade and pushrod loads. Based on this-it ap-
pears that including flow effects of the test stand body
might improve the correlation in Figure 5.

In the preseat analysis the control inputs are as-
surned to take place about the blade undaeformed axis;
this in essence corresponds to a hinge sequence with
the feather axis inboard of both the flap and lag

3913149801 PAGE.Q87
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hinges. However, io the subject aircraft the pitch
bearing flaps and lags with the blade spindle. Also,
there is a small amount of pitch-lag coupling due to
the pushrod kinematics which has been ncglected in
the analysis. Instead of detailed tabulated airfoil dats
such as may be found in Refs. 8 and 9, the blade air-

foil is. reptesented in the analyais with the analytical
expressions
= Oy P>
Cé,Cmage = constant

derived from the tabulated data near & = 0*. Finally,
it may be noted that at this opersting condition the
cyelic and collective pitch settings are not prescribed.
The differences in the predicted and measured loads
may be attributed in part t0 differences in predicted

" and actual trim controls. Neither Ref. 8 nor Ref. 10

14

report these datasoitis diffcult to make a statement
regarding correlation of the trim control predictions.

In summary, it appears an actual case study of
pushrod tuning for a specific aircraft would necesei-
tate cartain refinements to the analysis. Howsver, the
present investigation is more of the nature of a feasi-
bility study; the major features of the blade torsional
response, insofar as they may be affected by varying
blade pushrod. stiffness and damping, are well pre-
dicted. It is expected that the qualitative results of
the present study will hold after refinements to the
analysis have been implemented, and be valid for the
subject aircraft itseif.

Effect of pushrod stiffness and damping
on blade dynamic characteristics

Figure 6 shows the effects of decreased pushrod stiff-
ness on rotating blade natural frequencies. The blade
dynamics are characterized by the close proximity of
shree strongly coupled normal modes. The modes
ace therefore labeled according to their mode shapes:
at the bassline pushrod stiffness. At very low values
of pushrod stiffness, it is the low frequency branch
that has the nacure of a first torsional mode. As
k, is reduced to » nondimensional value of 5, this
mode rapidly approaches 3/tev and the dynamics
of the mode become increasingly dominated by the
pushrod stiffness. Figure 7 compares the torsional
mods shapes of the fizst torsional mode for two cases,
the baseline stiffness and a reduced stiffness (ky = 5).
At the lower torsional stiffness the mode begins to
take on the nature of a rigid body fsather mode. This
is to be contrasted with changes in torsional dynamics
accompanying reductions in blade torsional ssiffness.

'34 12:36
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Figure 6; Effect of pushrod stiffness on blade ir-vacuo: ~
rotating natural frequencies.

Zero pushrod damping.

1.
=t
g Kp=31.2 (Baseiina)

w/Q,= 8.5/Rev

-1
g / Flaptag Hinge

c

g Blade Station /R v

Figure 7: Effect of pushrod ssiffness on blads in-vacuo
rotating torsional mode shape. Zero pushred damp-
ing.

In the latter case, the softness of the blade relative to
the root torsional restraint causes the mode shape to
becoms even more like that of a blade with infinitely
stiff root restraint. ’
Figure 8 shows the effect of varying pushrod stiff-
ness and damping on in-vacuo frequency and damp-
ing of the blade first torsional mode. As with Fig.
6, there are actually three modes that may be can-
didates for the first torsional mode. When generat-
ing Fig. 6, an attempt Was madse to select the mode
most ressmbling a “pure” torsion. mode. Hence, the
various points on the #,-é, Map in the figure do not
correspond o A single locus of {requency roots: At
and above &, = 20, the damped natural frequency is
vary close to its basaling value of 5.5/rev. As may be
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og/ 2 =5.2/Rev

20r ’ / .

w

Pushyod Stifiness Kp
{(nopdimensional)
o

Pushrod Damping Cp
(nendimensional)

Figure 8: Effect of pushrod stiffness and damping on
in-vacuo frequency and damping of blade first tor-
sional mode.

. expected, a8 the pushrod stiffness is decreused, the

pushrod damping becomes more effective at increas-
ing the damping ratio of the torsional mode. This
is due to the fact that as the mode shape changes

" to involve more displacement at the roos (Fig. 7),

more energy per cycle can be dissipated through blads
root damper motion. The damped natural frequency
alsc becomes more sensitive to pushrod damping at
low valuos of y. The flguze shows that even at the
lowest values of pushrod stiffness, below & = 2-3,
the calculated damped frequencies are well below the
rigid pushrod case, indicating that the ertor due to
using undamped normal modes may be neglected up
to these damping values (corpare with Figure 4).

_ Bffect of pushrod tuning

on vibratory hub loads

i‘x_{u.r_f_gz shows the effects of blade tuning oz fixed
system 4/rev loads in wind tugpnel trim at 4 = .38
(this operating condition, together with the x4 = .20
condition in Fig. 11, was chosen to match the condi~
tions in the wind tunnel test described above). The
forces have been normalized by moQ}3R3 = 57,600 1b
and the moments by moR?R® = 1.27 x 109 ft-1b,
With sero pushrod damping, little effect is observed
down to k, 10, at which poiné the fixed system
loads tend to increase with & further reduction in
E,, in some cases dramatically. For teference, the

14 34 12:37

point at which the first torsional frequency crosses:
through 4/rev is indicated with a.bold symbol (“e”).
Although it is ths 5/rev loads which tend to increase
most sharply at low pushrod stiffness, significant in-
creases in 3 and 4/tev loads may be observed a3 well.
At very low values of ky the data were limited by diffi-
culties in obtaining a tzim solution. This ig attributed
to effects on contral system affectiveness, discussed
below.

With the introdustion of & moderate amount of
damping (& = 2) the trends in the fixed system vi-
bratory loads are revesed (for refsrence; & combins~
tion of 3, = Zsad kp = § yields a damping ratic of
just over 25% for the first torsion mode - see Fig. 8).
In the case of the longitudinal inplans shear and. the
hub pitch and roll moments, reductions ranging from.
95 to 60% over the basaline case (B, = 31.2, %, =0)
may be observed. A further increass of damping
&, = 3 brought little further improvement irr the-hub:
loads. Appatently most of the beneficial cffects of
damping are obtained with levels of damping sufft-
ciently low that errors due to using updamped normal
modes may be neglected.

The sharp increase in fixed system vibratory load
in the sero damping case below &, = 10 may be:ab-
served directly in the rotating system data in Figure
10. The figure also shows that the reduction in fixed
system 4/rev load at & = 3 and k. < 10 is associated
mainly with reductions in rotating system. 3/rev in-
plane shears. The vibratory moments and the Z,.=2
data have been omitted for clarity. )

Figure 11 shows fixed systern 4/rev hub loads for
= .20. Againat this advance ratio, favorable results.
may be cbtained at combinations of low pushrod stiff-
ness and moderate pushrod damping.

Note from the hub loads results that neat the base-
line pushrod stiffness, introdnetion of damping has-
almest no effsct. Also, the large peaks in ampli~
tude observed in the rigid blade study when oper~
ating slightly off the optimum pushrod stiffness (Fig.
2) are not present in this alastic bladc data.

Influence on pushrod loads

In Figure 12, the 1 and 2/rev pushrod loads are shown
as. a function of pushrod stiffness for zero dampiog
and & = 3. At 4 = .38, the 1/rev pushrod load in-
creases by around 50% a8 the pushrod stiffneas is re~
duced from its baseline vaine to &, =5. The 2/rev is
lees significantly affscted but still increases by around
20%. Addition of pushrod damping seems to reduce
9/rev loads slightly; the 1/rev loads however remain
virtually unaffected. Thesse phenomenon are much
less pronounced at 4 = 2. Bere a slight improvement

3913149001 PAGE.Q@3
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Zero pushrod damping
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Figuse il: Fixed system 4/rev hub loads for y = 20, Cr/o = 074, 20d oy = 2.5°

in 2/rev loads at low values of k, may be cbserved.

The large increase in vibratory pushrod loads at
low pushrod stiffness at 4 = .38 is significant. Al
though the pushrod itself would be replaced by an
sntirely new component sized to handle thess vibra-
tory loads, the pushrod loads have implications for
loads in other control system components such as the
swashplate and servos. It is envisioned that the device
may be retrofitted to existing aircraft; this advantage
of ease of application disappears if othet control sys-
tem components require redesign or reduced time to
replacement.

The hub loads shown in this study were obtained
using 3 force summation method; no distinction is
made between loads rescted through the hub aad
loads reacted through the pushrod. This distinc-
tion, howsver, is of potential intereet. The vibratory
pushrod load feeds into the fixed system through the
non-rotating pars of the contzol system. Changes
in hub loads may have a diffezent offect on fuse-
lage vibration depending o whether they are reacted
through the rotor «haft or through the pushrod. To
properly capture this effect would require the fuse-

lage and nonrotating contzol system to be modeled in
some detail. (See also Refs. 11 and 12 for a discussion
of the effects of control loads on fusclage vibrations.)

Effect on trim control settings

Figure 13 shows the effects of pushrod tuning on trim
control positions. At both y = 20 agd ¢ = .38,
reduced pushrod stiffness seems %0 have littla effect
on collective pitch required. An increase in forward
longitudinal cyclic is present, especially at 4 = .38.
Of particular interest is the trend of latacal cyclic
at 4 = 38, At very low values of By, the lateral
eyclic drifts by about 5°; at around k, = 8 it actu-
ally changes sign. This is probably why difficulties
ware encountered when finding the trim solution 3%
very low values of pushrod stifiness. In the present
analysis, the contral positions are adjusted to yield
saro first hazmonic flapping using o tangential ma-
tix obtained from a rigid blade model. Appacently
the reduced pushrod stiffness brings about a phase
delay in the blsde fapping response, changing the
system response (o cyelie pitch in such a way that
tbe rigid blade tangential matrix no longer gusrantess
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P.lZ
010p  e—————— Zarg pushrod damping values may be nomdimensionslized in the present

scheme with

wek =TT G

= 60,000 Ib/ft +meN?R ~23
= 1080 slug/sec +meQR » 13

1/Rev Presumably the damping rate could be arbitrarily re-
—e e duced to the desired value of & = 2 =3 by mod~
ification. of the orifice sizc. More difficulty may be

{wondimensional)
8 B
s o

Pusheod vibratary load

002 S—— 2/Rev encountered achieving the low spring rate: required
0 - L (ky 7 5). In Ref. 4, clastomeric elements were used
o 10 20 a0 to provide the required comphanec. This suggests an
Pushrod Stittness K (nondimensional) igtagmed elastometic spring-damper pushrod. Foe-
(8) = 120, Cr/ G = OTh Gy = 250 sibly the r.aqmred‘ dz'.mpx.ng can be provided by tl{c
Ha ‘ elastomer itself, eliminating the need for a hydraulic
damper. /t
010,
\ - - L3
¥ oo} \ e Summary and Conclusions-
g oos + The possibilities for vibration reduction with a dy-
' samically tuned main rotor blade pushrod has been.
004 b —_—— examined analytically. This davice could be a-direct:
E ) —— replacsment for blade pushrods on ncw or existing:
é - ooz b 2/Rev aircraft. |
1. A parametric study indicatas that vibratory hub
0 - . ST loads are severely degraded with very low val-
0 10 20 . .30 ues of pushrod stiffness and no pushrod damping.
Pusnrod Stittnass Ko (nondimensianal However, combinacions of reduced pushrod. stiff-
(6) = .38, 1/ = .080, og = §° ness and moderate damping yielded fixed sys—
tem 4/rev hub loads which. in some cases Were-
Figurs 12: Pushrod loads. reduced by up to 50% of their baseline values.
The pushrod 1/rev loads, however, increased by
about 50%.
trim convergence. Introduction of pushrod damping
alleviates this situation. Diffculties in finding a trim 2. The agreemeat between pushrod loads predicted
solution may also arise from actual instabilities intro- by the analysis and those measured experimen-
duced by reducing the pushrod stiffness (seromechan~ tally is fair. There is a reasounble expectation
ical stability was not examined in this investigation) that this correlation may improve with rtefine-
Pushrod tuning may or may aot have a significant ments to the analysis such as introduction of &
effect on trim controls of a free flying aireraft. The free wake model and improved modeling of blade
preseat. investigation was limited to the wind tunnel root kinematics.
t:::si“Rlunf o;det to match the test operating cond- 3. With no damping, reduced pushrod s::facss may
" bave a significant effect on trim controls.
Practical implomentation 4. Since the pushrod damper represents ‘schangein
. L _ . boundary condition, errors may be introduced
Regarding 3 pract{cal un‘plemmt.afuon of a spring- when a modal reduction is applied using un-
damper pushrod with desirenble stiffnesa 20d damp- damped normal modes. However, this does not
ing values sa ideatified in this study, consider the de- appeat to be a problem for the values of pushrod
vices described in Ref. 4. They provide useful data damping considersd in this study.

points as tc what dynamic properties are possibls
with such a device. The pushrods bad a spring rate of . Further test and analytic work is recommended.
5000 Ib/in and a damping rate of 80 |b-sec/in. These The beneficial affects of pnshrod tuning need to

(<2}
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Figure 13: Trim controls.

be confirmed experimentally. Attention should
be given to the effects of pushrod tuning on
aeromechanical atability, handling qualities, and
blade dynamic stall behavior. Other issues which
should be addressed in future investigations ase
(1) effects on handling qualities (trim control
gradients; maneuver response) and (2) effects on
dynamic stall behavior at conditions of high ro-
tor loading.
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